The surface Si/Al ratio in a series of zeolite Y samples has been obtained using laboratory XPS, synchrotron (variable kinetic energy) XPS, and low energy ion scattering (LEIS) spectroscopy. The nondestructive depth profile obtained using variable kinetic energy XPS is compared to that from the destructive argon ion bombardment depth profile from the lab XPS instrument. All of the data indicate that the near surface region of both the ammonium form and steamed Y zeolites is strongly enriched in aluminum. It is shown that when the inelastic mean free path of the photoelectrons is taken into account that the laboratory XPS of aluminosilicates zeolites does not provide a true measurement of the surface stoichiometry while using variable kinetic energy XPS a more surface sensitive measurement can be made. A comprehensive Si/Al concentration profile as a function of depth is developed by combining the data from the three surface characterization techniques. The LEIS spectroscopy reveals that the topmost atomic layer is even further enriched in Al.
Introduction
The acidity/hydrophobicity, and therefore the activity, of an aluminosilicate zeolite are determined by the aluminum content and the location of the Al in the zeolite crystal. Knowledge of the location of the Al is therefore fundamental to understanding the zeolite activity. Moreover, the external surface of zeolite particles plays an important role in much catalytic chemistry as large reactant molecules react predominantly at the pore mouth of the zeolite (e.g. in fluid catalytic cracking), as they cannot enter into the smaller channels. Indeed pore-mouth catalysis has been proposed to explain the observed selectivity in selective isomerization, transalkylation, and hydrocarbon cracking [1] [2] [3] . As such it is no surprise that the characterization of the surface composition of zeolites has been the subject of much study, particularly using x-ray photoelectron spectroscopy (XPS) [4] [5] [6] [7] and also using low energy ion scattering spectroscopy (LEIS) [8] .
However, in conventional laboratory-based XPS, with a fixed excitation source (typically either Mg K (1253.6 eV) or Al K (1486.6 eV)), the high inelastic mean free path (IMFP) of photoelectrons with low binding energy (e.g. Al 2p with a binding energy of ~74 eV) results in a relative lack of true surface sensitivity to the outer few atomic layers. Additionally, the laboratory XPS measurement results in a single value of the elemental concentration for each sample, with no information provided on the presence of any depth concentration profile. However, a depth concentration profile using a laboratory XPS can be obtained using argon ion sputter depth profiling to sputter away the surface layers on a pseudo layer-by-layer manner. Thus, by repeated cycles of sputtering and measurement a sputter depth profile is obtained. For smooth surfaces (e.g. thin films) a sharp concentration profile can be obtained [9] , but for powdered materials the situation is distinctly more complex as the true "depth" is not accurately known for such a macroscopically rough surface. Ar ion sputtering is also complicated by the preferential sputtering of one element over another which makes quantification more difficult [9] . A second method for determining if there is preferential concentration of one element closer to the surface using XPS is to measure the signal as a function of angle, taking advantage of the enhancement of the signal from the surface at grazing exit angles [9, 10] . There have been reports of such studies providing concentration profiles from irregular surfaces such as powdered materials [11, 12] .
A non-destructive depth profile, with increased surface sensitivity, can be obtained by varying the kinetic energy of the photoelectrons in XPS, using the so-called variable kinetic energy XPS. The kinetic energy is varied by varying the photon energy of the x-ray beam by using a monochromatic x-ray beamline at a synchrotron radiation source. This method has been applied to the study of e.g. a 100nm Ta layer with native oxide, a Sn-doped In 2 O 3 single crystal and Sn-doped In 2 O 3 powder [13] , and to the study of catalyst surfaces under reaction conditions [14] . The development and rapid expansion of ambient pressure XPS at synchrotron sources around the globe has ensured that there are now many beamlines that are capable of providing monochromatic variable kinetic energy x-rays [15] . There are only a few studies that have taken advantage of this capability for the surface analysis of zeolites, and we know of no studies that combine and compare the data from multiple XPS methods, together with that from low energy ion scattering (LEIS). Shimada et al. [16] [17] [18] used synchrotron radiation XPS to determine the surface composition of NaY and HY zeolites. They concluded that there was a thin Al-rich overlayer on the external surface of NaY, and a gradual increase in the Si/Al ratio from the external surface for HY. Shimada et al. [17] compared the XPS depth profiling Si/Al ratio of NaY and HY using destructive (Ar+ sputtering) with non-destructive (synchrotron XPS). They concluded that both methods gave consistent Si/Al profiles.
In this work XPS, angle-resolved XPS, sputter depth profiling XPS, variable kinetic energy XPS, and low energy ion scattering (LEIS) are used to determine the surface concentration and depth profile of aluminum in a series of zeolite Y samples with the aim of comparing and contrasting the information content obtained from each method. Zeolite Y is a critically important zeolite used in petroleum refining. It is the primary zeolitic constituent, and therefore the component that provides the necessary Brønsted acidity, of fluid catalytic cracking (FCC) catalysts, a $1 billion per year catalyst market, and provides the greatest gasoline yield at the highest octane combined with the best stability [19] . The active material is typically prepared in the sodium form, NaY. The sodium is then ion exchanged out of the structure using ammonium hydroxide. It is then steam calcined, followed by a second ion exchange to remove the final traces of sodium, followed by a second steam calcination step. This procedure is known to produce active and stable form of zeolite Y [20] .
Experimental Samples
The samples used in this study were NaY, NH 4 ,H-deAl-Y and US-Y powders, all with a bulk Si/Al ratio determined by ICP of 2.6, were synthesized at UOP. The NH 4 ,H-deAl-Y was prepared by three times ion exchange of the parent sodium form, NaY, followed by calcination and steaming at 600°C for 2 hours followed by an additional three times ion exchange. The US-Y was prepared from the NH 4 ,H-deAl-Y sample by further steaming at 735°C for 2 hours. All of the powders were highly crystalline by XRD. The typical particle size is 1.5 m diameter determined by Sedigraph and <1 m by SEM. Figure 1 is a schematic showing the evolution of the different samples. Figure 1 . Schematic illustrating the processing of the parent zeolite leading to the other zeolite samples studied. Figure 2 shows a representation of the structure of the Y zeolite, which is also known as Faujasite, with the designation FAU. The unit cell is cubic with length 24.7Å 
X-ray Photoelectron Spectroscopy
The laboratory XPS data were obtained using a PHI Quantum 2000 Scanning ESCA Microprobe™ (Physical Electronics, Inc.) with a micro-focused, monochromatic Al K X-ray source at 1486.6 eV. A dual neutralization capability using low energy electrons and positive ions to provide charge compensation during spectral acquisition is standard in this instrument. All XPS spectra are recorded at room temperature without sample pretreatment. The XPS data were collected from powders adhered to double-sided tape for the basic measurements, (the thickness of the layer of powder was such that the peaks from the tape were not observed) and from samples hand-pressed into 7mm diameter pellets for the angle resolved and sputter depth profile measurements. Sputter depth profiles are generated by alternating cycles of spectral acquisition of the sample surface, followed by 2 kV Ar + bombardment of the sample surface for 15 to 30s in each cycle. The sputter depth rate is calibrated using an atomically smooth silica film on a silicon wafer of known thickness. This calibration does not take any preferential sputtering into account.
The synchrotron (ambient pressure) XPS experiments were performed in the NAP-XPS setup at the ISISS beamline of the FHI located at the BESSY II synchrotron radiation facility in Berlin, Germany. The setup consists of a reaction cell attached to a set of differentially pumped electrostatic lenses and a separately pumped analyzer (Phoibos 150 Plus, SPECS GmbH), as described elsewhere [21] . XPS spectra were collected at a temperature of 225°C and in the presence of 0.5 mbar H 2 O. The spectra were collected at elevated temperature and in a partial pressure of H 2 O to better simulate the conditions under which the zeolites are used in catalysis, and this also had the added benefit of reducing sample charging during XPS data collection. Integrated intensity of Si2p and Al2p corrected for cross-section [22] as a function of photon energy, flux as function of energy, and beam current [23]. The zeolite samples were dispersed on a gold foil and mounted in the spectrometer. The base pressure in the BESSY system is typically higher than that in the laboratory XPS and often results in an increase in the C 1s signal from adventitious carbon compared to the equivalent sample measured in the laboratory system.
Low Energy Ion Scattering
The low energy ion scattering data were measured at ION-TOF GmbH with the Qtac 100 High Sensitivity LEIS (HS-LEIS) instrument [24] [25] [26] . To remove any environmental contamination, the samples were first treated in the instrument with atomic oxygen of thermal energy (thus no sputtering) for a period of 10 min. A static analysis is ensured by rastering the 5 nA He + ion beam over a 2 x 2 mm 2 sample area. The typical measurement time was 3 minutes, with an applied ion fluence of 1.4x10 14 cm -2 .
An important goal of the present study is to distinguish and quantify the atomic concentrations of Al and Si. Since these elements are adjacent in the periodic table (primary masses 27 and 28 amu, respectively), this is difficult. Using conventional LEIS equipment the separation of Al and Si is impossible [27, 28] . The Qtac 100 , which is a dedicated LEIS instrument, combines a well-defined scattering angle (145 o ) with a large solid angle of acceptance, parallel energy detection and a wide energy range (0.5 -8 keV) [25, 26] . Since at low primary energies E o the width of a LEIS peak is determined by inelastic processes, it scales with √E o , while the energy separation of the Al and Si peaks is proportional to E o . Thus the peaks are relatively sharper for higher primary energies. Here 6 keV He + is used where the scattered ion energy is ~ 3400 eV, which still ensures a selective analysis of the outer atomic layer. For the quantitative evaluation the Al and Si the signals are compared with those of pure standards (Al 2 O 3 , SiO 2 ). Since it is difficult to obtain Na 2 O as reference for sodium, the sensitivity for Na was derived from a linear correlation plot. For a two component system this is a straight line [25] , and a plane in the present case of three components . This calibration gives the surfaces areas that are covered by Al 2 O 3 , SiO 2 and Na 2 O. Taking into account the error in the peak fitting procedure for Al and Si, the error of these coverages is estimated to be around 5%. These values are converted to the atomic surface composition using the surface areas of AlO 1.5 , SiO 2 and NaO 0.5 .
Even at 6 keV the energy difference between the Al and Si peaks is only 69 eV, so there is still a strong overlap. A potential danger for this analysis is the presence of surface charging, which will shift the energies of the peaks. Especially inhomogeneous charging must be avoided. This can be achieved by heating the sample (above 570 K, [29] ), or with an electron shower [27, 30] . Here it is done with a special low-energy electron shower and the charge compensation is verified by checking the energy distribution of the sputtered ions near 0 eV in the LEIS spectrum [30] . An example of the raw data obtained from the NaY sample is shown in the Supplemental Information (Fig. S1 ).
Depth profiles (Fig. 7) are obtained by alternating the static He + LEIS analysis with Ne + sputtering (5 keV, 25 nA). The depth scale is based on the assumption that two atoms are sputtered per incident Ne-ion. In order to keep the analytical conditions constant, the sample were re-oxidized with atomic oxygen before each analysis.
Low energy ion scattering (LEIS) is the most surface sensitive analytical technique as the signal only originates from the topmost atomic layer [26] . This is in contrast even to the variable kinetic energy XPS experiment where the measured signal is still an integral over the IMFP, as described above. Thus, the Si/Al ratio of the first atomic layer of the zeolites LEIS data were collected for the NaY and H-deAl-Y samples, and the data are presented in Figure 7 . In order to obtain a depth profile sputtering has to be used, as was done for the lab XPS.
Results & Discussion
The surface Si/Al ratio of the three zeolite powders are presented in Table I , as measured by the laboratory XPS instrument. The value measured by XPS is different from the bulk value of these zeolites, 2.6, determined using inductively coupled plasma spectroscopy. The surface of the NaY starting material is slightly depleted in Al compared to the bulk, whereas the ammonium-exchanged and calcined sample, and the stabilized US-Y sample are both enriched in Al compared to the bulk value. These values represent an average over the sampling depth of the laboratory XPS measurement using Al K radiation and there is no information on any gradient in the Si/Al ratio in the near surface region. One method to determine depth profile information using XPS is to use argon ion bombardment, i.e. Ar + sputtering. XPS data are acquired on the starting material, and after fixed amounts of sputtering time to remove layers of the material. The results of such an experiment for the three zeolite powders under study are presented in Figure 3 .
The data show that the NaY sample appears to be depleted in Al at surface, the NH4,H-deAl-Y sample is enriched in Al at surface, and the US-Y sample is strongly enriched in Al at surface, compared to the bulk value of 2.6. The Si/Al profile for the NH4H-deAl-Y rapidly reaches its asymptote at close to the bulk value, whereas those for the NaY and US-Y more gradually approach the asymptote.
Sample
Si/Al rato Na-Y 3.0 NH 4 ,H-deAl-Y 2.0 US-Y 1.3 It is well known that argon ion sputter depth profiling has some deficiencies and the data must be interpreted with care. These deficiencies include preferential sputtering, charging, and issues with quantitatively knowing the depth, particularly from surfaces that are not macroscopically smooth like the zeolite powders used here. There have been reports of preferential sputtering for zeolites [18] . In this study the fact that the Si/Al ratio approaches the known bulk value suggests that preferential sputtering is not a significant concern for the NH 4 ,H-deAl-Y and US-Y samples, but the presence of the sodium in the NaY material may have an effect on the relative removal of the Si or Al in this sample as the Si/Al ratio for this material drops below that of the bulk value. There is also some uncertainty in the depth axis as the depth axis of the sputter depth profile is determined from a calibration using a dense atomically smooth film of SiO 2 on a Si wafer. The zeolite powder samples are rough, and the sample is porous. Both of these will affect the sputter depth.
A non-destructive method that can be used to determine depth information using XPS is angle resolved XPS. It has been shown that on flat substrates the surface sensitivity can be increased by an order of magnitude at grazing exit angles, and that this method can also be applicable to irregular surfaces [11, 12] . Angle-resolved XPS data were collected from the three zeolite samples using the lab XPS instrument, and the results are presented in Figure 4 . In the laboratory instrument used in this study the angle between the x-ray and the analyzer is fixed at 45°. The data shown in Fig. 4 were obtained by rotating the sample with respect to the analyzer, and thus this also changes the angle of the incident x-ray beam. Nevertheless, the data shown in Fig. 4 are consistent with the Si/Al ratio of the NH 4 ,H-deAl-Y and US-Y decreasing towards grazing exit (low takeoff angle, more surface sensitive), whilst that from the NaY appears to be insensitive to the angle. However, it is noted that these changes are small, and a changes of less than 10% are within the measurement error. Qualitatively these data are in agreement with the sputter depth profile data (Fig. 3) for the NH 4 , H-deAl-Y and US-Y zeolites. The laboratory XPS-derived surface Si/Al ratio is different from the bulk value for all of the samples.
The data presented thus far were collected with a laboratory XPS spectrometer with fixed incident monochromatic x-ray energy (1486.6eV). In XPS the probability that a photoelectron will travel a distance, d, without suffering inelastic scattering is exp(-d/) where d is depth and the inelastic mean free path. This implies that the majority of signal originates from a depth of 1  and 95% from 3. This is the so-called "information depth" of XPS. It is instructional to calculate the inelastic mean free path (IMFP) for a material similar to the zeolitic samples studied here. The resulting IMFP for silica is plotted in Figure 5 as a function of kinetic energy of the photoelectron. Using 1486.6 eV (AlK as the incident x-ray energy the resulting Si2p photoelectron has a kinetic energy of ~1386 eV, so the measured XPS signal will originate from 38-114Å (1-3). One can then legitimately ask if such a measurement can be called "surface" analysis. For a material only comprising low atomic number elements like these aluminosilicates zeolites the laboratory XPS is not truly "surface" sensitive, especially when the photoelectron being measured has a low binding energy, as is the case of for the Si2p and Al2p photoelectron lines that are commonly used to characterize the surface composition of zeolites.
Using a photon source with variable photon energy, like a beamline at a synchrotron light source, the kinetic energy of the resulting photoelectron can be tuned so that the information depth then becomes a variable in the experiment. This would provide the advantages that the measurement could be both more surface sensitive by using a lower photon energy than the lab source, and by varying the photon energy, the resulting depth profile would be non-destructive. The latter would be in sharp contrast to the sputter depth profile measurement, and may alleviate some of the unknowns e.g. regarding preferential sputtering. Figure 6 shows comparative XPS data from the lab instrument (photon energy of 1486.6 eV) and the synchrotron (using a photon energy 1210 eV) from the sample NaY. As can be seen the data quality obtained at the beamline is comparable to that obtained using the laboratory instrument -but the data acquired at the synchrotron were additionally acquired in a partial pressure of water vapor of 0.5mbar and at a temperature of 225°C -so a step towards operando conditions compared to the UHV and room temperature environment of the laboratory XPS data. Table II compares the surface Si/Al ratio from the three zeolite samples obtained from the synchrotron XPS and the laboratory XPS using a comparable photon energy (similar information depth). The surface Si/Al ratio of the three zeolite samples are reasonable agreement -but now the photon energy can be varied with the ambient pressure instrument at the synchrotron in order to vary the probe the depth non-destructively. Figure 7 shows a plot of the Si/Al ratio as a function of IMFP (obtained by varying the photon energy) from the three zeolite powders. This is thus a true non-destructive depth profile over the top 40Å of the zeolite surface, and moreover the data were obtained under conditions that are more appropriate for some catalytic reactions (in this case 225°C and 0.5 mbar H 2 O). The data points at 32Å correspond approximately to the lab XPS IMFP (1210 eV (32Å) vs. 1486 eV (40Å) photon energy), and all data at lower IMFP are new information that was not possible to obtain with the laboratory instrument, and only possible from the ability to vary the photon energy of the x-ray beam to lower energy. First, the data are consistent with the lab XPS in that the SI/Al ratio of the NaY is greater than that of the NH 4 ,H-deAl-Y, which is greater than the US-Y (see Fig. 2 ). The synchrotron XPS data show that the very outer surface (<10 Å) of both the NH 4 ,H-deAl-Y and USY is enriched in aluminum relative to immediate sub-surface. The Si/Al ratio of these samples increases at around 20Å and then drops again before leveling out. It is tempting to link the maximum observed in these profiles with the unit cell size of the Y zeolite, which is approx. 25Å. However, it is unclear at this stage why there would be such a maximum. The Si/Al profile of the NaY is flatter than that of the other samples, but also shows an enrichment of Al at the very surface.
Si/Al ratio
Low energy ion scattering (LEIS) is the most surface sensitive analytical technique as the signal only originates from the topmost atomic layer [26] . This is in contrast even to the variable kinetic energy XPS experiment where the measured signal is still an integral over the IMFP, as described above. Thus, the Si/Al ratio of the first atomic layer of the zeolites LEIS data were collected for the NaY and NH 4 ,H-deAl-Y samples, and the data are presented in Figure 8 . The raw data used to generate the profile for NaY is shown in the Supplemental Information. The raw LEIS spectra In order to obtain a depth profile sputtering has to be used, as was done for the lab XPS. In the LEIS instrument the depth axis obtained by dynamic neon sputtering of the sample. The LEIS data show a dramatic surface enrichment of Al in the topmost layer in both the NaY and NH 4 ,H-deAl-Y samples, with a Si/Al ratio of less than unity for the NH 4 ,H-deAl-Y sample and close to unity for the NaY sample. When the sputtering data are taken into account the Si/Al ratio for the NH 4 ,H-deAl-Y sample increases quickly within 1.5 nm before leveling off, whereas the profile for the NaY sample is relatively flat. Since the LEIS depth profiling was done with rather high energy (5 keV) Ne + ions, the subsurface results will be affected by some ion beam mixing. In reality the increase of the Si/Al for NH 4 ,H-deAl-Y will thus be even steeper than seen in Fig. 8 .
When sputter depth profiling alkali containing glasses, the irradiation will cause an increased vacancy concentration and enhanced alkali diffusion [32] . The alkali will surface segregate, where they are sputtered away. This will lead to an alkali depleted layer over the penetration depth of the incident ions [32] . All techniques that use sputtering for depth profiling will be affected. The LEIS determination of the Na concentration in the outer surface (14 at.% vs. the bulk ICP value of 11.3 wt%) of the NaY zeolite is determined before sputtering and thus not influenced.
If the data from the LEIS, synchrotron XPS and lab XPS are compared then some general trends can be observed. All three methods are consistent in that there is an enrichment of Al in the near surface region for the NH 4 ,H-deAl-Y and USY samples, and that with increasing depth into the sample the ratio increases and eventually approaches that of the bulk value. Similarly the methods show that the Si/Al 6 keV 4He+ ion scattering depth profile for the NaY is flatter than the other two samples.
In an attempt to reconcile the data from the different surface analytical methods used to determine the surface composition and any depth distribution of the Si/Al ratio of the zeolite Y samples, the data from the LEIS, synchrotron XPS and lab XPS for all three samples are plotted and summarized in Figure 9 . The data in the upper panel of Fig. 8 are plotted on the same depth axis, using the original depth data from Figs 3, 7 and 8. It is difficult to see the linkage between the different surface analytical methods and any trends in this plot. However, if the information depth (IMFP) of the XPS measurement is taken into account, and the depth of the lab XPS shifted by 4nm and re-plotted ( Figure 8 lower panel) , then the picture becomes clearer. The data in Fig. 8 lower panel now appears to be a continuous profile in the Si/Al ratio from the surface into the bulk of the sample for all three zeolite samples. Indeed the agreement between the last point from the synchrotron XPS and the first point from the lab XPS, and the continuity of the profile is quite remarkable. If the Si/Al ratio of the synchrotron XPS data in Fig. 9 (lower panel) are extrapolated to the very top surface then for the two samples where there is LEIS data (NH 4 ,H-deAl-Y and NaY) then there is also agreement in the expected value between the extrapolated XPS values and the initial top surface LEIS values: there is a continued surface concentration of Al. However, there does appear to be a discrepancy between the absolute values of the Si/Al ratio between the sputter profile LEIS data and the synchrotron XPS data for the NaY sample. The cause of this discrepancy is not known at this time, and will be the focus of future work. 
Summary
Knowledge of the surface concentration of the Brønsted acid sites in a zeolite is fundamental to understanding the reactivity of this important class of solid acid catalyst, particularly for reactions that may occur at the pore mouth. In this work, surface characterization data from a series of Y zeolites have been collected using laboratory XPS, synchrotron XPS (variable kinetic energy), and low energy ion scattering spectroscopy and the information obtained from these methods compared and contrasted. It is shown that the laboratory XPS measurement does not provide a true analysis of the outermost surface of zeolites, but that this information can be obtained using variable kinetic energy XPS combined with LEIS. In the future we plan to extend this work to other families of zeolites and also, via the use of new beamlines that are being developed that allow XPS data to be collected using photon energy up to ~10kV, extend the non-destructive depth profile methodology.
